[1] We have investigated the effects of crystallization and oxidation on the visible and nearinfrared (VISNIR) and mid-infrared (mid-IR) spectra of materials with a Shergotty-NakhlaChassigny (SNC) basaltic composition in order to investigate potential links between Martian VISNIR spectra, Martian mid-IR spectra, and SNC meteorite data. SNC basalt samples of varying crystallinities were synthesized and subsequently oxidized in air at 700°C for 1 -7 days, and reflectance spectra of both fine ( 75 mm) and coarse (75 -500 mm) basalt samples were obtained before and after oxidation. The effects of crystallization on the spectral properties are readily observed in the unoxidized products. In the VISNIR, increasing crystallization is accompanied by an increasing influence of pyroxene absorptions and decreasing influence of glass absorptions. In the mid-IR, changes in spectral properties with crystallization are due to the variations in relative amounts of glass, pyroxene, and plagioclase. Oxidation alters the glass and pyroxenes within the samples, leading to changes in VISNIR and mid-IR spectral shapes, although distinct signatures of oxidation products are not always observed. Both spectral and electron microscopy data indicate that hematite is the dominant oxidation product in the pigeonite and glass of the samples. In pigeonite, hematite is present in nanophase form and leads to the diminishment of the diagnostic 1-and 2-mm pyroxene absorptions in the VISNIR as well as pyroxene absorptions expressed between 800 and 1100 cm À1 in the mid-IR. In glass, hematite forms a near-surface layer that is detected with varying efficiencies in the VISNIR and mid-IR depending on the crystallinity and particle size of the analyzed sample. Oxidized SNC basalt samples of various crystallinities and fine grain sizes provide the best analogs to Mars remote-sensing data in the VISNIR and mid-IR. In the VISNIR, partially crystalline, oxidized SNC basalts can reproduce Martian dark region characteristics. In the mid-IR, similarities exist between the spectra of a partially crystalline, oxidized SNC basalt and the basalt lithology detected by the Thermal Emission Spectrometer (TES). The andesite lithology detected by TES is best matched by the spectrum of a fully crystalline, oxidized SNC basalt. These results imply that plagioclase-rich lithologies are not required by TES data and that observed variations in spectral character of dark regions across the Martian surface can be explained by SNC basalts influenced by oxidation coupled with variations in degree of crystallization.
Introduction
[2] Remote-sensing studies, originating with Earth-based telescopic observations [e.g., Adams and McCord, 1969] and eventually including spacecraft [e.g., Sagan et al., 1973] and lander [e.g., Mutch et al., 1977] observations, have provided insight into the composition and distribution of Mars surface materials. Visible and near-infrared (VISNIR) remote-sensing data, sensitive to iron and hydroxyl mineralogy, first quantitatively established the spectral differences between the bright and dark regions on Mars [Singer and McCord, 1979] (Figure 1) . Spectra of the bright regions are dominated by the signature of ferric iron, primarily in the form of nanophase hematite [Morris et al., 1989] . The spectra of the dark regions, in addition to exhibiting the effects of ferric iron as seen in the bright regions, have a weak absorption at 1 mm and negative spectral slope beyond 1 mm [Singer and McCord, 1979] . The 1-mm feature is attributed to the presence of pyroxene, which in turn suggests that the observed dark regions consist of basalt [Adams and McCord, 1969] . The interpretation of the dark regions as pyroxene-bearing basalts is supported by the deconvolution of VISNIR data from the ISM on the Phobos II mission [Mustard and Sunshine, 1995] . Deconvolution results indicate that the observed dark regions consist of basalts containing subequal amounts of low-and high-calcium pyroxene, which agrees well with the pyroxene mineralogy of the basaltic shergottite group of the Shergotty-Nakhla-Chassigny (SNC), or Martian, meteorites. The most widely accepted cause of the negative spectral slope is the presence of a thin ferric coating intimately associated with a basaltic substrate whose absorption and scattering efficiencies change with wavelength [Singer and McCord, 1979; Singer, 1980; Mustard et al., 1993] . In addition to contributions from ferric coatings, Erard et al. [1991] demonstrated that contributions to the negative spectral slope arise from atmospheric aerosol backscattering and that the influence of the aerosols varies between observed dark regions.
[3] The mid-IR spectra from the Thermal Emission Spectrometer (TES) on the Mars Global Surveyor mission, which are sensitive to silicate lattice mode vibrations, offer a different perspective of Martian surface materials. Syntheses of the TES global observations between 6 and 50 mm indicate that two spectral types characterize Mars dark regions (Figure 2 ). The first spectral type, based on comparison to terrestrial rock spectra, is classified as basaltic [Christensen et al., 2000a] . Deconvolution of the spectrum into component minerals results in a mineralogy of 45 -53 vol% plagioclase, 19 -26 vol% high-calcium pyroxene, and potentially 10 -15 vol% olivine and sheet silicates. The second spectral type, when compared to terrestrial rock spectra, best matches glassy andesites to basaltic andesites [Bandfield et al., 2000] . Spectral deconvolution of the andesite spectrum results in 45 vol% obsidian glass, 40 vol% plagioclase, and 10 vol% pyroxene. Dark regions in the northern hemisphere of Mars are dominated by the andesitic lithology, while dark regions in the southern hemisphere are dominated by the basaltic lithology.
[4] Important differences exist between the VISNIR and mid-IR spectral data of Mars. The presence of glass is argued for in both wavelength ranges, but the nature of the proposed glass differs between the mid-IR (volcanic [Bandfield et al., 2000] ) and VISNIR data (impact [Schultz and Mustard, 1998] ). The signature of oxidation is a dominant component of the VISNIR data but is not apparent in the TES data. According to Christensen et al. [2000a] , however, coatings that lead to the VISNIR oxidation signature are consistent with the TES data. Finally, the spectral deconvolution of VISNIR ISM spectra by Mustard and Sunshine [1995] indicates the presence of both low-and high-calcium pyroxene, while the deconvolution of mid-IR TES spectra indicates the presence of only high-calcium pyroxene.
[5] While a good agreement in pyroxene mineralogy exists between VISNIR and basaltic SNC meteorite data [e.g., Mustard and Sunshine, 1995] , the derived TES and observed basaltic SNC mineralogies are different. All calculated modes for the basaltic TES spectra have plagioclase/pyroxene ratios (vol%) between $1.3 and 2.8 [Christensen et al., 2000a] , and the terrestrial rock with the best fit to the Martian basaltic andesite data has a plagioclase/ pyroxene ratio (vol%) of 3.5 [Bandfield et al., 2000] . In contrast, the range of plagioclase/pyroxene ratios (vol%) for basaltic shergottites is 0.38 -0.88 [Lodders, 1998 ], which correlates with the low Al 2 O 3 contents of calculated SNC parent melts [e.g., Hale et al., 1999] . The dissimilar TES and SNC plagioclase/pyroxene ratios are in keeping with lack of similarity between both TES spectral types and the SNC meteorite mid-IR spectra [Hamilton et al., 1997] .
[6] The differences between the mid-IR, VISNIR, and SNC data raise the question of whether or not these data sets can be brought into agreement. Surface characteristics derived from VISNIR and TES data suggest two possible sources of the differences: oxidation and the presence of glass. Oxidation was shown to significantly affect the spectral signatures of pyroxenes in the VISNIR by Straub et al. [1991] . If the mid-IR spectral properties of pyroxenes were also changed by oxidation, how would such changes affect the contribution of pyroxenes to the bulk dark region spectra? In turn, could alteration of the pyroxene signal affect the plagioclase/ pyroxene ratio detected by TES? While glass is not a significant component of the SNC meteorites, it is feasible that in some volcanic environments eruptive products with SNC-like composition could contain varying amounts of glass. Is it possible that a wholly or partially glassy SNC composition sample could produce spectral features observed in the VISNIR and mid-IR? Additionally, if oxidation is invoked as a means of linking the mid-IR, VISNIR, and SNC data, the potential effect of oxidized glass must also be considered. Motivated by these questions, the goals of this study are to determine the effects of oxidation and degree of crystallization on the spectra of SNC-like basalts in order to establish if an SNC composition can yield spectra consistent with VISNIR and TES data.
Experimental Procedures

Basalt Crystallization
[7] The basalt starting material synthesized for the experiments of this study was the A* composition, a calculated trapped melt Johnson et al. [1991] . The composition of A* is essentially identical to early melt compositions established for other SNC meteorites [Minitti and Rutherford, 2000] ; it is low in Al 2 O 3 ($8.0 wt%) and high in total FeO ($19 wt%) relative to terrestrial basaltic melt compositions. Two separate batches of A* were mixed and used as starting materials (Table 1) . All experiments were conducted at the QFM oxygen buffer and at P = 1 atm. One-atmosphere, and therefore dry, experiments were conducted because basaltic SNC-like lavas or ash that might be analyzed by remote sensing would have likely completely degassed during emplacement at the Martian surface. Crystallization temperatures were varied between 1300°C and 980°C in order to achieve a wide range of crystallinities in the experimental products. For those experiments conducted at or above 1050°C, the tubing material (Ag 70 Pd 30 or Pt) was first saturated at the final experimental temperature using A* powder in order to prevent Fe loss in the actual experiment run. Experimental conditions are listed in Table 2 .
[8] In preparation for spectral analysis, the experiment products were ground in air using a mortar and pestle to one of three particle size ranges. Different particle size ranges were used because particle size can strongly affect both reflectance and emission spectra. A portion of all products was ground to a fine particle size of either <45 mm or <75 mm, while the remaining products were ground to a coarse particle size of 75 -500 mm. Morphology of the coarse particle size fragments created during grinding depended on the crystallinity of the samples. The glassiest samples broke into pieces that typically had some smooth, conchoidally fractured surfaces. The more crystalline samples broke into pieces with all rough surfaces. A similar distinction was observed in the fine particle size samples. Fine and coarse particle size products with similar crystallinities were created in several cases by conducting two separate experiments at the same temperature (Table 2) . Final sample sizes after grinding ranged between 350 and 400 mg.
Basalt Oxidation
[9] After synthesis, grinding, and initial chemical analysis (see section 3), the experimental products were subjected to a series of oxidation steps. Each sample was oxidized for 1, 3, and 7 days, and after each oxidation session the basalt was analyzed spectrally and several fragments were used to create a thin section. All oxidations were conducted in air at 700°C. Oxidation under these conditions does not likely represent the actual oxidation process on Mars; however, it is expected to produce oxidation products relevant to those found on Mars. For example, the oxidation experiments of Straub et al. [1991] were run in air from 7 hours to 28 days between 400°and 1000°C and yielded nanophase hematite, a likely oxidation product on Mars [Morris et al., 1989] . A sample before and after oxidation is pictured in Figure 3 .
Analytical Procedures
Bulk Chemistry and Mineralogy
[10] Prior to the oxidation experiments the residual glass (in experiments !1030°C) and phenocrysts from each experiment product were analyzed using the Brown University Cameca Camebax electron microprobe. We used a 10-nA defocused beam for the glasses and a 15-nA focused beam for the phenocrysts. The accelerating voltage during all analyses was 15 kV, and the sodium loss program of Nielsen and Sigurdsson [1974] was utilized during glass analyses. The electron microprobe data were used in the PETMIX mass balance program of Wright and Doherty [1970] in order to establish mode data for the experimental products. PETMIX revealed small degrees of Fe loss in some experimental products, but losses never exceeded 1.8 wt% Fe. In those experiments that did lose Fe, the modal amounts of the other phases present were normalized to account for the Fe loss. The modes from each experiment are listed in Table 3 .
Reflectance Spectra
[11] Spectral data were collected in the Keck/NASA RELAB facility at Brown University. At VISNIR wavelengths between 0.32 and 2.55 mm, reflectance spectra were obtained with a 10-nm sampling interval by the bidirectional spectrometer with a 30°i ncidence angle and a 0°emergence angle [Pieters, 1983; Mustard and Pieters, 1989] . For wavelengths between 1.8 and 26 mm, biconical reflectance spectra were obtained at 4-cm À1 intervals with the FTIR spectrometer with a 30°incidence angle and a 30°e mergence angle. The biconcial reflectance data were translated into emissivity data via Kirchoff's law (e = 1 À r) for comparison to TES data. While use of Kirchoff's law is strictly viable only for directional hemispherical data [Salisbury et al., 1992] , Mustard and Hays [1997] showed that biconical measurements are directly comparable to directional hemispherical and thermal emission measurements for fine particle sizes. Anomalous scattering may be present in coarse particle size samples when the complex index of refraction varies strongly with wavelength [Mustard and Hays, 1997] .
[12] VISNIR data of the unoxidized, fine particle size samples were analyzed with the Modified Gaussian Model (MGM) of Sunshine et al. [1990] in order to establish the relative contributions of pyroxene and glass to the spectra. The MGM improves upon previous spectral deconvolution techniques by treating absorption bands as functions of bond length. To deconvolve an unknown spectrum, the model begins with prescribed absorption bands (position, width, strength) and iteratively adjusts the band parameters to obtain a fit to the unknown spectrum within the uncertainty associated with the unknown spectrum measurement.
Electron Microscopy
[13] Transmission electron microscopy (TEM) analyses were conducted on fragments of an unoxidized sample (MST-19) and another sample (MST-16) oxidized for seven days using the Phillips 420 instrument at Brown University. Both samples were ion thinned in preparation for analysis; analyses were conducted with a 120-kV beam current. Images of the unoxidized and oxidized samples were obtained in bright-field mode, qualitative chemical analysis of the glass oxidation products was attempted with electron dispersive spectroscopy (EDS) using a 100-nm diameter beam, and diffraction patterns were obtained from the oxidation products using selected area diffraction in order to help constrain their composition. Scanning electron microscopy (SEM) analyses were carried out on oxidized coarse and fine particle size samples of 15 and 65% crystallinities using the JEOL JXA-8900 Superprobe at the Geophysical Laboratory of the Carnegie Institution of Washington. Surfaces of some of the coarse particle size samples were abraded with 400-grit emery paper before analysis. Backscattered electron images were obtained of the abraded and unabraded surfaces, and qualitative compositional analyses of materials at the surfaces of the particles were made using EDS. Imaging and compositional analyses were made at an accelerating voltage of 15 kV with a beam current of $1 nA.
Results
Macroscopic Properties
[14] Intriguing macroscopic changes in the nature of the fine and coarse particle size samples were observed after the oxidation process. Prior to oxidation the samples were dark gray to black in color, and glassy samples had a vitreous luster. After oxidation the fine particle size samples had a brick red color, while the coarse particle size samples had a metallic sheen that was particularly well-developed on the smooth faces of the glassy, coarse particle fragments. When the surfaces of the coarse oxidized particles were abraded, the sheen on the surfaces was removed. Oxidation also caused both the fine and coarse particle size samples to become magnetic, despite containing no phenocrysts of magnetite.
SEM
[15] Observations made at the macroscopic scale are confirmed and clarified at the microscopic scale by SEM imaging and EDS analyses. Unabraded surfaces of glassy, coarse particle size samples exhibit a relatively smooth, undulating texture and appear to be speckled with submicron particles (Figure 4a ). The compositions of the unabraded surfaces are enriched in FeO and CaO and depleted in SiO 2 relative to the abraded surfaces, which are basaltic in composition. The surfaces of the glassy, fine particle samples are also smooth at the resolution of the SEM images ( Figure 4b ) and are covered with submicron phases visible at higher magnifications. These unabraded surfaces are enriched in FeO and CaO and 6 -4 depleted in SiO 2 relative to the abraded surface of the coarse particles, but the degree of FeO and CaO enrichment and SiO 2 depletion varies between the coarse and fine particle samples.
[16] At the same magnification as in Figure 4a , the surfaces of the more crystalline samples (Figures 4c and 4d ) are significantly rougher than the surface of the glassy sample, and individual mineral grains can be seen via their compositional contrast. Stoichiometric compositional analyses were obtained from the individual mineral grains (plagioclase, pyroxenes, Fe oxide), suggesting that the same material that covers the glassy sample surfaces does not cover the mineral grains. Outcrops of oxidized glass at the sample surfaces are FeO-and CaO-enriched and SiO 2 -depleted relative to the basaltic composition obtained from the abraded surface of the glassy, coarse particle sample, although the degrees of enrichment and depletion vary between each glassy area.
TEM
[17] The TEM analyses provide even smaller-scale insight into the effects of oxidation. As is evident in Figure 3 , the glassy portions of the basalts undergo significant change during the oxidation process. The bright-field images of an oxidized sample reveal the presence of very fine ($25-nm) oxidation products throughout the glass ( Figure 5 ). Some images suggest that oxidation products are arranged in larger-scale ($2-mm) sectors or spherules ( Figure 5a ). The lack of similar features in the unoxidized glass confirms that the particles seen in the oxidized glass are a product of the oxidation process ( Figure 6a ). However, fine-scale structure is present in the unoxidized glass, perhaps a result of spinodal decomposition during quenching (R. A. Yund, personal communication, 2000) . Images of pigeonite in the oxidized sample do not reveal the presence of a separate phase within the pigeonite or along the oxidized glass-pigeonite boundary (Figure 6b ).
[18] While attempts to chemically characterize the oxidation products in the oxidized glass with EDS met with limited success owing to the small size of the phases, selected area diffraction proved effective in determination of chemistry and microstructure of the glass oxidation products. Diffraction patterns, akin to powder diffraction, were obtained from a large ($3.5-mm-diameter) glassy area containing a large number of oxidation products (e.g., Figure 5a ) and also from crystallite clumps (e.g., Figure 5b ) in the oxidized sample. The planar spacings derived from the oxidation products in the large glassy area diffraction pattern, when compared to the planar spacings of various candidate minerals, are best matched by those of the clinopyroxenes (Table 4) [19] The spectra obtained of the unoxidized, variably crystallized samples at VISNIR and mid-IR wavelengths offer the first examination of crystallization effects on spectra of a SNC basaltic composition. In the fine particle VISNIR spectra with !15% crystallinity, the expression of the well-known 1-and 2-mm pyroxene crystal field absorptions is apparent (Figure 7a ). With increasing degree of crystallinity, the pyroxene absorptions deepen, especially the band at 2.2 mm. The pure glass sample exhibits weak absorptions at $1.1 and $1.9 mm, and the expression of these absorptions decreases with increasing crystallinity. The spectra of the basalts crystallized >35% are still influenced by the glass bands, as evidenced by the inflections near 1.2 and 1.9 mm and the distortion of the 2.2-mm absorption relative to pure pyroxene spectra.
[20] The coarse particle mid-IR data also reveal changes in spectral structure caused by changing degree of crystallization within the SNC basaltic samples (Figure 7d ). The pure glass spectrum is featureless with one broad, asymmetrical feature near $1050 cm À1 and one narrower, symmetric feature near $500 cm À1 . At as little as 15% crystallization an inflection develops near 1150 cm À1 , individual features appear between 800 and 1100 cm
À1
, and the band between $400 and 600 cm À1 flattens and shifts slightly to higher wavenumbers. With increasing crystallization the inflection grows, the individual absorptions become more distinct, and the small wavenumber feature continues to broaden and shift to higher wavenumbers. Even with the development of features with increasing crystallization, the character of the pure glass spectrum influences the spectra of the samples crystallized up to 35%.
[21] The complementary spectra to those in Figures 7a and 7d, the coarse particle VISNIR and the fine particle mid-IR data, are pictured in Figures 7b and 7c , respectively. The VISNIR spectra of the unoxidized, coarse particle samples are darker at all wavelengths and have a flatter continuum slope than the fine particle spectra (Figure 7b ). This behavior is expected on the basis of the decreased amount of volume scattering in the coarse particle samples [Gaffey et al., 1993] . Despite the differences the coarse particle VISNIR spectra exhibit absorptions at the same wavelengths and display a loss of glass band expression with increasing crystallization as in the fine particle size data. In the mid-IR spectra the fine particle data exhibit a steep drop-off in emissivity at wavenumbers >1300 cm À1 and a reduction of spectral contrast between 600 and 1000 cm À1 (Figure 7c ). Both of these effects can be attributed to volume scattering [Salisbury, 1993] , which does not affect the general similarity in behavior of the coarse particle spectra relative to the fine particle size mid-IR spectra.
4.4.2. Oxidation effects.
[22] Significant changes in both the VISNIR and mid-IR are apparent in a comparison of the unoxidized spectra and the spectra of the samples oxidized for just 1 day (Figure 8 ). In the fine particle VISNIR data the oxidized samples display a nearly complete loss of the 2.2-mm feature, a considerable decrease in spectral contrast of the 1-mm feature, and development of a flat continuum slope and a very strong absorption at wavelengths shorter than 0.7 mm. There is a trend of increasing reflectance between 0.7 and 2.5 mm with increasing duration of oxidation for each crystallization suite which is strongest in the least crystalline sample (Figure 8 ). There are few changes, however, in mineral absorption features with continued oxidation indicating that the duration of oxidation is less significant to the nature of the oxidized spectra than the oxidation mechanisms that are initiated by the first oxidation step.
[23] The changes in mid-IR spectral characteristics caused by oxidation in the fine particle samples are crystallinity-dependent, with the greatest difference between the unoxidized and oxidized samples occurring in the glassiest sample (Figure 8d ). In the glassiest sample spectrum the initial oxidation step leads to development of weak absorptions at $1100 cm À1 and between 400 and 500 cm À1 , and longer oxidation times progressively strengthen these features. The feature at $1100 cm À1 correlates with a similar feature present in the spectra of unoxidized, crystalline samples ( Figure 7c ). In samples of greater crystallinity (Figures 8e and 8f ) , increasing degrees of oxidation mute the absorption features between 800 and 1100 cm À1 and lead to development of a weak feature between 400 and 500 cm À1 like that seen in the glassiest spectra (Figures 8e and 8f ) . Overall, the development of features in the glassiest sample and the loss of features in the more crystalline samples ultimately lead the oxidized spectra of all crystallinities to converge toward a uniform spectral shape (Figure 9 ). [24] Spectra of the coarse particle size samples in the VISNIR and mid-IR offer different insights into the effects of oxidation (Figure 10 ). The same fundamental oxidation-induced changes that appear in fine particle VISNIR data also appear in the coarse particle VISNIR data (Figure 10a) , with the addition of an absorption feature at $0.47 mm. The depth of this absorption decreases with increasing crystallinity (Figure 10a ). In the mid-IR the spectra of the most glass-rich samples again undergo the largest oxidation-induced change, including development of three strong absorptions at $1250, $520, and $425 cm À1 and multiple weaker absorptions in the restrahlen band between 800 and 1100 cm À1 (Figure 10b ). In the spectra of the more crystalline, coarse particle samples, individual absorptions are again muted by oxidation, but unlike the fine particle data (Figure 9 ), oxidation does not produce ultimate homogenization of coarse particle spectra. The absorptions present between 400 and 600 cm À1 in the 15% crystallized sample are only weakly expressed in the more crystallized samples.
Discussion
Nature of Glass Oxidation Products
[25] The nature of the internal (clinopyroxene) and surficial (Ca-and Fe-rich ''coating'') oxidation products in the glasses of this study can be interpreted via the results of basaltic glass oxidation experiments [Cook et al., 1990; Cooper et al., 1996; Cook and Cooper, 2000] . In experiments in which oxidation temperatures were kept sufficiently low to avoid conventional surface devitrification (pyroxene nucleation [e.g., Cooper et al., 1996] ), the three studies found that glasses exposed to oxidizing conditions responded in a manner dependent on the composition of the glass. Cook et al. [1990] to remain in the glass structure [e.g., Cooper et al., 1996] .
[26] The oxidation mechanisms described in the above studies explain the oxidation of the SNC-based glasses of this study, controlled by the concentrations of Ca, Fe, Mg, and Na in the glasses. The elevated Ca and Fe surface concentrations in the SNCbased samples of this study are interpreted to result from outward migration of Ca 2+ and Fe 2+ driven by oxidizing surface conditions. The smooth-textured surface layer and the individual phases imaged on the oxidized surfaces (Figures 4a and 4b ) are likely the manifestation of a Ca-and/or Fe-rich phase. The predominant involvement of Ca and Fe relative to Mg in the oxidation-induced cation migration suggests that the transport coefficients, controlled by concentration and diffusion coefficient, of Fe and Ca exceed that of Mg (R. F. Cooper, personal communication, 2000) . This suggestion is supported by preoxidation analyses of the glasses indicating greater concentrations Fe and Ca in the glass relative to Mg at all crystallinities. Additionally, because the Fe concentrations of the glasses in this study are high relative to the basalts from the previous studies, Fe migration appears particularly important in Comparison of all the fine particle size mid-IR spectra oxidized for 7 days. Oxidation leads to homogenization of previously distinctive spectral shapes. the oxidation of SNC glasses. Internal to the glasses, pyroxene formation is interpreted as the result of subsolidus devitrification but might also be due to nucleation of ferric-bearing pyroxene caused by a lack of sufficient Na + to charge-balance Fe 3+ within the glass. The pyroxenes within the glass, in addition to the phenocryst phases, are expected to complicate the glass oxidation process by altering the population of divalent cation phases available for migration; such an effect might explain why Fe and Ca levels vary at the measured oxidized glass surfaces.
[27] The results of Cooper et al. [1996] can also be used to estimate the thickness of the Ca-and Fe-enriched layer at the surface of the glasses. On the basis of Rutherford backscattering spectroscopy measurements, Cooper et al. [1996] found that oxidation lasting $4 days at 600°C led to an enriched surface layer $0.4 mm thick. Assuming that the enriched layer thickness is enhanced by the greater oxidation temperature (700°C) and times (up to 7 days) of this study, a reasonable estimate for the enriched layer thickness in the oxidized samples is 0.5 -1 mm.
[28] No matter what the specific oxidation mechanism, the signatures of the surficial Ca-bearing and Fe-bearing phases and the internal pyroxenes must be considered when interpreting the spectra of the experimental oxidized samples. Likewise, the potential influence of analogous oxidation products on the spectra of Martian surface samples must be taken into account. The effect of surficial oxidation products on Martian surface samples is especially important owing to the reported impact of coatings on the spectra of basaltic materials in the VISNIR [Singer and McCord, 1979] and the mid-IR [Johnson, 1999] .
Spectroscopy
5.2.1. Crystallization effects.
[29] Changes due to crystallinity in the unoxidized spectra of the experimental SNC basalts can be interpreted through the characteristics of the individual phases in the basalts. VISNIR spectra of multiple Ferich basaltic glasses (16.66 -22.95 wt% FeO) created at a wide range of oxygen fugacities were studied by Bell et al. [1976] , and each glass had absorptions near $1.0 and $1.8 mm, likely owing to crystal field and charge transfer transitions within the glasses. The positions of the VISNIR absorption bands in the experimental SNC composition glass fully coincide with the results of Bell et al. [1976] , implying that the same mechanism is at work. The relationship between the observed VISNIR absorptions in the crystalline samples and those expected from pyroxenes within the samples can be assessed using the results of Cloutis and Gaffey [1991] . The sample crystallized 15% contains only one pyroxene, pigeonite. When absorption positions for the appropriate pigeonite composition are predicted using the data of Cloutis and Gaffey [1991] , the predicted positions coincide well with those observed, despite the influence of the glass absorption bands on the pyroxene bands. Pyroxene absorption band positions become more difficult to interpret in the samples with !35% crystallization because of contributions from both pigeonite and augite. In reflectance spectra of Shergotty, which contains both pigeonite and augite, McFadden [1987] found that augite controlled the positions of the two major absorptions at 0.98 and 2.10 mm, despite a lower abundance of augite. Assuming that the spectra of the experimental SNC-based basalts are also dominated by augite absorptions, the observed bands at 1.0 and 2.26 mm (Figure 7a ) both fall at wavelengths consistent with predicted augite absorption band positions from the Cloutis and Gaffey [1991] data.
[30] Quantitative evaluation of the positions of absorptions from the SNC-based samples utilizing the Modified Gaussian Model [Sunshine et al., 1990] establishes the relative contributions of glass and pyroxene to the VISNIR spectra. Glass bands were initially assigned to the three absorption band positions observed in the 15% crystallized sample (0.92, 1.3, and 1.82 mm). The spectrum of the pure glass sample was not utilized because its steep continuum slope made it difficult to incorporate into the deconvolution. Pyroxene absorption band positions were initially assigned to the positions observed in the more crystalline samples (1.0 and 2.26 mm). With increasing crystallization, changes in the ratios of pyroxene band strength to glass band strength quantitatively demonstrate that the deepening of the 2.26 mm feature is due to the growing influence of the pyroxene bands (Figure 11) . Cloutis et al. [1990] also observed strengthening of VISNIR pyroxene bands with increasing crystallinity in physical mixtures of pyroxenes, oxides, and basaltic glass.
[31] The mid-IR data can also be interpreted in terms of the spectral characteristics of the individual SNC-based basalt components. The broad mid-IR absorptions present in the glass sample spectra are expected because the variety of bond lengths, strengths, and angles in glasses leads to absorptions at many wavelengths [Simon and McMahon, 1953] . Distinct features that appear in the more crystalline spectra are attributable to mineral absorptions and can be interpreted using data from the SNC meteorites. In the mid-IR spectrum of Zagami, a basaltic shergottite with subequal amounts of pigeonite and augite and subordinate amounts of plagioclase, Hamilton et al. [1997] observed features near 1100, 1010, 960, and 880 cm
À1
. The features at intermediate wavenumbers in the experimental SNC sample spectra fall at nearly these exact absorption positions (Figure 7d ). This comparison suggests that the combined contribution of pigeonite, augite, and plagioclase leads to the observed absorption features in the experimental SNC spectra. The experimental SNC spectra should have a greater contribution from plagioclase relative to the actual SNC spectra because plagioclase absorption features weaken significantly at the shock level experienced by Zagami [Johnson et al., 2001] . The contribution from pyroxene absorptions to the experimental and actual SNC spectra should be similar because pyroxene absorption strengths are not significantly affected by shock [Johnson et al., 2001] . Thus, because of the relative effects of shock on plagioclase and pyroxene absorption strengths and the similarity of intermediate wavenumber absorption positions in the experimental and actual SNC spectra, we conclude that the major contributors to the intermediate wavenumber features are the pyroxenes.
[32] The broad, flat, and relatively featureless absorption between 400 and 700 cm À1 in the experimental mid-IR spectra (Figure 7d ) can be explained by the mineralogical and textural character of the samples. The gradual broadening and shallowing of the feature between 400 and 700 cm À1 with increasing crystallization can be accounted for with the increasing spectral influence of plagioclase. In pure mineral spectra at <700 cm À1 , plagioclase absorptions are broader and less deep than pyroxene absorption features. Thus, as the proportion of plagioclase in the modes of the samples increases with increasing degree of crystallization (Table 3) , the width and depth of the 400-to 700-cm À1 feature evolves toward a more plagioclase-like character. The featureless nature of the absorption resembles the character of fine-grained, volcanic rock spectra at low wavenumbers [Feely and Christensen, 1999; Hamilton and Christensen, 2000] . The Deccan basalt used as proxy for the Martian basaltic lithology by Christensen et al. [2000a] , for example, is fine-grained and exhibits a similar featureless absorption between 400 and 700 cm
. Thus the lack of features at small wavenumbers in the experimental sample spectra is in keeping with their fine grain size ($15 mm).
Oxidation effects.
[33] The response of pyroxenerelated features to oxidation in the VISNIR is illustrated by the results of the pigeonite and augite oxidation experiments of Straub et al. [1991] . In pigeonite, Straub et al. found that nanophase hematite forms discrete phases which cause degradation of spectral contrast in the 1-mm feature and eventual elimination of the 2-mm feature. These observations are consistent with the behavior of the 1-and 2.26-mm features in the oxidized sample spectra; however, no nanophase hematite was detected in pigeonite using TEM (the signature of nanophase hematite is not expected to be detectable in the SEM-EDS analysis owing to the qualitative nature of the technique). Straub et al. found that the nanophase hematite created during pigeonite oxidation formed only at the exposed surfaces of the grains, leaving pristine pigeonite within the grains. Thus the lack of nanophase hematite within pigeonite and on the pigeonite surfaces in contact with the glass is consistent with the oxidation mechanism described by Straub et al. [1991] . In augite, Straub et al. found that oxidation leads to the incorporation of Fe 3+ into the pyroxene structure, which weakens the major augite absorptions. An increase in Fe 3+ within the experimental augites was not directly measured, but the behavior of the 1-and 2.26-mm absorptions is consistent with the development of Fe 3+ in augite. Overall, behavior of the 1-and 2.26-mm features in the VISNIR can be partially if not wholly attributed to the degradation of the pigeonite and augite absorptions caused by oxidation of the pyroxenes exposed at the particle surfaces.
[34] Degradation of the pyroxene signal via oxidation is also suggested in the experimental mid-IR data. The features in the unoxidized spectra attributed to pigeonite and augite become more muted with increasing degrees of oxidation (Figures 8e and 8f) , suggesting that oxidation lessens the contribution of pyroxene to the bulk rock spectra. The degradation of the pyroxene features is also consistent with the addition of a spectrally neutral material such as nanophase ferric oxide.
[35] The other significant change between the unoxidized and oxidized spectra in the VISNIR is the development of the absorption at <0.7 mm in both the fine and coarse particle spectra (Figures 8a -8c and 10a) . The observed feature is consistent with nanophase hematite [Morris et al., 1989] , whose presence in the oxidized pigeonites of the experimental basalts is already suggested spectrally. However, coarser particle size hematite also exhibits a similar reflectance drop off and provides a better match to the minor absorption at $0.47 mm (Figures 10 and 12) . The match between the hematite spectra and the experimental samples could be due to hematite produced through oxidation of magnetite that crystallized in the samples during the basalt syntheses. However, the feature is present in the spectra of samples that did not originally crystallize magnetite, suggesting that the hematite signal is not from oxidized phenocrystic magnetite. The presence of hematite is also consistent with the red color of the oxidized fine particle samples and the magnetic properties of the oxidized samples.
[36] The hematite signal in the VISNIR, as well as the red coloration and magnetic character of the oxidized samples, can be explained if the Fe-enriched material at the surface of the oxidized samples is hematite. A hematite layer up to 1 mm thick (estimated thickness of the Fe-enriched layer) combined with the high n and k of hematite at <0.7 mm makes such a hematite layer optically thick in the VISNIR. Additionally, particle sizes of both the fine and coarse samples are sufficiently large relative to the VISNIR wavelengths of incident radiation that geometric optics governs particle-light interactions [Mustard and Hays, 1997] . In the VISNIR, two factors affect the strength of the hematite absorption: sample glass content and particle size. A stronger hematite signal is expected from more glass-rich samples because hematite is present at the surface of the oxidized glass. A weaker hematite signal is expected from finer particle size samples because of the increased number of scattering surfaces present. In addition, the multiple scattering surfaces within the fine particle size samples result in greater absorption and a more nanophase hematite-like spectrum (Figures 9a -9c) [Morris et al., 1989] . Indeed, the hematite absorption at $0.47 mm is strongest in a glassy, coarse sample ( Figure 10a ) and weakest in a more crystalline, fine sample (Figure 8c ). The glassy, fine particle sample has a weaker hematite signal than the more crystalline, coarse particle sample, despite having a greater exposure of glass (Figures 8a and  10a ). These latter two samples illustrate that the effects of glass content and particle size compete to establish the strength of hematite signal. The observed relative strengths of the hematite signal in these samples suggest that the scattering effect overrides the glass content effect. Figure 11 . Pyroxene/glass absorption band ratios plotted against degree of crystallization. The 1-and 2-mm pyroxene absorption bands are ratioed to the glass absorption band at 1.3 mm in the 15% crystallized sample.
[37] The presence of hematite at the surfaces of the oxidized samples can also explain the development of oxidation-related features at mid-IR wavelengths. The features between 400 and 500 cm À1 in the mid-IR spectra of the glassiest, coarse particle sample (Figure 10b ) and the fine particle samples of all crystallinities (Figures 8d -8f ) are consistent with coarse (>5 -10 mm) hematite as indicated by multiple hematite spectra in the work of Christensen et al. [2000b] . The presence of the oxidation-related features at similar positions in both the fine and coarse particle size samples and the correlation of these features with known hematite features strongly indicate that the features do not result from anomalous scattering processes that might arise from the conversion of biconical reflectance data to emission data for coarse particle samples [Mustard and Hays, 1997] . Just as in the VISNIR data, the fact that hematite-related absorptions are best expressed in the glassiest samples regardless of particle size suggests that the coarse hematite features are not related to converted igneous magnetite internal to the samples, but are related to the surficial hematite layer. The surficial hematite layer is optically thick to mid-IR radiation, despite the thickness of the layer relative to the incident mid-IR radiation, because of the optical properties of hematite.
[38] In the mid-IR the strength of the hematite features is greatest in the glassy, coarse particle spectrum and progressively diminishes from the glassy, fine particle spectrum to the more crystalline fine particle spectrum to the more crystalline coarse particle spectrum. Glass content is the dominant control on the strength of the hematite signal in the mid-IR. While the particle sizes of all of the studied samples are large enough for geometric particle-light interactions, glass content affects the amount of hematite exposed at the particle surface. When the surface is predominately glassy, incident radiation interacts with a hematite surface equivalent to the particle size surface. Thus a strong hematite expression is produced by both the fine and coarse glassy samples. When the particle surface is only partially glassy, as in the more crystalline samples, the size of the hematite exposures likely drops below the size where the mid-IR radiation can interact geometrically with the hematite. The size of the hematite exposures relative to the incident mid-IR radiation affects the relative strengths of the hematite signal in the fine and coarse more crystalline samples.
[39] The last oxidation effect to consider is the change between the unoxidized and oxidized 15% crystallized fine particle spectra in the mid-IR (Figure 8d ). The most significant shift between unoxidized and oxidized sample spectra occurs in this sample, along with the development of a feature near 1100 cm À1 . The absence of similarly large changes in the more crystalline samples suggests that the source of the change is the oxidized glass, a suggestion supported by petrographic ( Figure 3 ) and TEM (Figure 5a ) images. Pervasive pyroxene development in the glass revealed by TEM imaging and diffraction is consistent with the observed changes. Oxidation-induced pyroxene formation effectively increases the degree of crystallization of the glassy sample, which causes the shift of the glassy spectrum toward a shape like that of the more crystalline spectra (Figures 8d -8f) . The appearance of the feature at 1100 cm À1 is also explained by pyroxene formation, as clinopyroxenes exhibit a major absorption in the vicinity of 1100 cm À1 [Hamilton, 2000] .
Comparison to Martian Spectra
[40] Determination of the effects of crystallization and oxidation on experimental SNC basalt spectra allows for comparisons between the experimental data and spectra of the Martian surface. Comparisons can be made with confidence because the close match between the features in the fully crystallized, unoxidized spectra and those in the basaltic shergottite VISNIR and mid-IR spectra suggests that the experiments have reproduced Martian igneous rocks. Further, this result implies that the partially crystalline experimental samples will reproduce spectra of partially crystalline, unoxidized SNC samples that could be present on the Martian surface. Where SNC basaltic materials are present on the Martian surface, glasses present are likely to be similar to those produced in the different experiments because the starting composition for the experiments is linked to actual melt compositions in equilibrium with multiple SNC meteorites (Shergotty [Hale et al., 1999] ; Nakhla [Treiman, 1993] ; Chassigny [Johnson et al., 1991] ). Assuming that SNC basalts are a significant component of Martian surface rocks, the unoxidized experimental samples of all crystallinities provide a reasonable analog to actual Martian surface materials and in turn serve as a good starting material from which to conduct oxidation experiments. Figure 12 . VISNIR spectra of various coarse-grained hematite samples from the RELAB spectral library relative to the spectra of the coarse particle size samples oxidized for 7 days. Spectra not designated with a particle size did not have accompanying particle size data in the RELAB spectral database. The favorable comparison of the absorption positions in the hematite spectra and the experimental spectra suggests hematite is the source of the feature at $0.47 mm. See color version of this figure at back of this issue.
[41] The most favorable comparison between the experimental VISNIR spectra and Mars dark region spectra is made with the oxidized, 55% crystallized, fine particle basalt (Figure 13 ). The normalized spectra reproduce many of the important spectral characteristics of the Martian dark regions, including the strong increase in reflectance to a maximum near 0.7 mm, a shallow 1-mm band, and a reflectance maximum near 1.1 mm. The experimental spectra differ from the dark region spectrum in the shape of the spectra between 0.3 and 0.5 mm and the lack of a negative slope. The most likely explanation for the lack of negative spectral slope at >1 mm in the experimental spectra is that the surface or nearsurface oxidation products present on the oxidized fine particle experimental samples are not as thick as the oxidized coatings proposed in the Martian dark regions. Also, our data lack any potential contribution from atmospheric aerosols that can influence the negative spectral slopes of spectra from Mars dark regions [Erard et al., 1991] . Overall, the VISNIR results suggest that oxidized, partially crystalline SNC-based basaltic materials are consistent with the materials contained in Mars dark regions.
[42] The oxidized, coarse particle spectra yield qualitative matches to the TES basalt and andesite spectra when the data are normalized together. The TES basalt spectrum compares favorably to the spectrum of the 65% crystallized basalt oxidized for 7 days (Figure 14a ). The edges of the absorption feature between 800 and 1200 cm À1 show some misfit, but the depths of the absorption features between 800 -1200 and 400 -600 cm À1 correlate well between the experimental and TES spectra. A better correlation exists between the TES andesite spectrum and the spectrum of the fully crystalline basalt oxidized for 7 days ( Figure 14b) ; the spectral depths and shapes match remarkably well. The similarities of the experimental and TES spectra strongly suggest that finegrained SNC basaltic compositions affected by oxidation can yield spectra consistent with the TES observations. In both cases, oxidation products present in the experimental samples do not manifest themselves directly in the spectra but are essential components that transform SNC basalt spectra to TES-like spectra.
[43] Oxidation is required for the successful comparison of the experimental SNC spectra and remotely sensed Mars spectra, and the fact that the oxidation process utilized in the laboratory is potentially unnatural bears comment. One scenario in which the laboratory oxidation process might occur on the Martian surface is during basalt extrusion, where a still-hot basalt reacts with the oxidizing (CO 2 -rich) Martian atmosphere upon contact. The effect of oxidation manifests itself immediately upon exposure to oxidation ( Figure 8) ; thus it is possible that some degree of oxidation via the laboratory process could occur before complete cooling of extruded basalt. The high-temperature oxidation process could occur upon creation of a molten basalt via impact-induced melting, as well. Terrestrial samples provide evidence that the glass oxidation products produced in the laboratory oxidation process can also result from oxidation at lower-temperature conditions over longer timescales. Development of a specular sheen like that produced on the experimental glasses is common on terrestrial basalt flows [e.g., Cook and Cooper, 2000] . Crisp et al. [1990] observed thin (0.1 -0.3 mm) hematite-and magnetite-bearing layers on the exposed surfaces of altered Hawaiian basaltic glasses. These layers potentially correspond to the hematite layer observed on the exposed glass of the oxidized experimental samples and suggest that the fundamental oxidation process described by Cooper et al. [1996] will occur if oxidizing conditions exist at the glass surface regardless of ambient temperature. However, the effect of the low Martian surface temperature on the kinetics of the oxidation process and on the cation population involved in Figure 13 . Comparison of the oxidized 55% crystallized spectra (MST-14) and spectrum of a Mars dark region at VISNIR wavelengths. Spectra have been normalized to facilitate comparison of spectral features. Mars dark region spectrum from Mustard and Bell [1994] . Figure 14 . Spectral comparison of coarse particle size samples oxidized for 7 days to the TES spectra at mid-IR wavelengths. All spectra have been normalized to facilitate comparison of spectral character and overcome differences stemming from particle size effects. (a) Spectrum of the 65% crystallized sample relative to the spectrum of the TES basaltic lithology. (b) Spectrum of the 100% crystallized sample (MST-17) relative to the spectrum of the TES andesitic lithology. migration is unknown. Finally, while no direct evidence exists, it is likely that the pyroxene oxidation mechanism would scale with temperature in a manner similar to the glass oxidation mechanism, leading to the same pyroxene oxidation products but requiring longer times to create them.
Implications and Conclusions
[44] The VISNIR and mid-IR data of this study establish a possible link between SNC basalt compositions and remotely sensed spectra of Mars dark regions across a range of wavelengths. The nature of the experimental samples that reproduce Mars spectral data requires that SNC materials present in the dark regions are oxidized and texturally fine-grained. These constraints point toward a process in which SNC basaltic compositions erupt at the Martian surface, cool relatively rapidly, and undergo weathering that comminutes the flow and oxidizes the pyroxene and glass (if present). In the VISNIR the similarity between the spectra of an oxidized, partially crystallized SNC basalt and the spectrum of a dark region on Mars [Mustard and Bell, 1994] supports previous findings on the presence of pyroxene and surficial oxidation products in dark region materials. The similarity provides the first demonstrations that oxidized, glass-bearing samples and oxidized, SNC-based samples are capable of reproducing Mars dark region spectra in the VISNIR, thus extending the findings of Mustard and Sunshine [1995] . The comparison of the experimental SNC sample spectra with TES data indicates that pyroxene-rich, plagioclase-poor (low-Al 2 O 3 ) lithologies can give rise to the two spectral types observed on Mars by TES. Deconvolutions of TES data that result in plagioclase-rich, pyroxene-poor (terrestrial-like) lithologies may result from the signature of oxidation products and/ or glass that is not properly replicated by the mineral library. Thus, while the presence of basalt and andesite with plagioclase/pyroxene >1 cannot be ruled out for Mars, our results suggest that they are not required to explain the two TES spectral types reported by Christensen et al. [2000a] and Bandfield et al. [2000] .
[45] The experimental samples that provide the best analogs to the dark region spectra potentially offer insight into the different spectral lithologies observed by TES. The matches provided by the experimental SNC spectra to the basaltic spectra detected in the VISNIR and by TES imply that these dark regions contain oxidized, partially crystalline SNC materials. The observation that glass-bearing sample spectra correspond to the spectra from geologically old terrain might initially seem contradictory. However, the correlation between the experimental and observed basalt spectra does not require that pristine glass is currently present, but only requires that glass was initially present and later altered, leading to the spectral signatures observed in the experimental samples. Another possible source of glass in dark regions with the TES basalt signature is impact-generated glass, which is consistent with the exposure of cratered materials across the surface of the southern highlands [Schultz and Mustard, 1998 ]. The match provided by the experimental SNC spectrum to the TES andesitic spectrum implies that these dark regions contain oxidized, fully crystalline SNC materials. The TES data still require, though, that exposures of exact SNC meteorite analogs are small enough to escape detection. The observed correlations between the experimental SNC data and the TES data suggest that the two TES lithologies are differentiated only by degree of crystallinity. If the dark region materials are strictly igneous, the distribution of the two TES lithologies requires that different eruption styles predominated in the northern and southern hemispheres.
[46] Overall, our study examines the effects of reasonable, if not established (oxidation), Martian geologic processes on the spectra of SNC basalt compositions. Despite likely mechanistic differences between the experimental and natural samples, the results demonstrate remarkable similarities to actual Mars remote-sensing data over a range of wavelengths. VISNIR spectra of various coarse-grained hematite samples from the RELAB spectral library relative to the spectra of the coarse particle size samples oxidized for 7 days. Spectra not designated with a particle size did not have accompanying particle size data in the RELAB spectral database. The favorable comparison of the absorption positions in the hematite spectra and the experimental spectra suggests hematite is the source of the feature at $0.47 mm.
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